Abstract: Two-year Study of Carcinogenicity and Chronic Toxicity of Biphenyl in Rats: Yumi UMEDA, et al. Japan Bioassay Research Center, Japan Industrial Safety and Health AssociationCarcinogenicity and chronic toxicity of biphenyl were examined in 50 male and 50 female F344 rats exposed to 0, 500, 1,500 or 4,500 ppm biphenyl in the diet for 105 weeks. Bladder tumors were found in the 4,500 ppm males, as evidenced by significantly increased incidence of carcinoma (24/50) and papilloma (10/50) of the transitional cells as well as one rarely observed case both of carcinoma and papilloma of the squamous cells. The survival rate of the 4500 ppm males significantly decreased, due to the bladder tumors and the hematuria accompanied by bladder calculi. The bladder calculi were found in 43 males in the 4,500 ppm group, but in only 8 females. Urinary pH significantly increased in the males, and occult blood was observed both in males and females in the 4,500 ppm group. The pre-neoplastic lesions were hyperplasia of transitional epithelium (simple, nodular and papillary hyperplasia) in the bladder of the 4,500 ppm males. Incidences of calculus formation and transitional cell hyperplasia in the renal pelvis also significantly increased in the 4,500 ppm males and females. On the other hand, the incidences of the transitional cell hyperplasia and the calculus formation in the bladder and the renal pelvis were far lower in females than in males, and no bladder tumors were observed in the females. Causative factors of the bladder tumors and their male predominance were discussed with reference to the findings reported in the literature and the previous study of biphenyl metabolism. (J Occup Health 2002; 44: 176-183) 
Biphenyl has been widely used as a heat-transfer agent, a mordant dye, a synthetic resin, a constituent of agricultural chemicals and a post-harvest fungicide agent to preserve citrus fruits. Annual production of biphenyl was reported to exceed about 16,000 tons in the U.S.A. in 1990 1) and to amount to 5,000 tons in Japan in 1999. There are a few reports of carcinogenicity and chronic toxicity available for risk assessment of workers exposed to biphenyl. Oral administration of biphenyl to rats was reported to produce tubular atrophy and patchy tubular dilation to the point of cyst formation in the kidneys 2) and formation of bladder calculus accompanied by hematuria without induction of bladder tumors after 75 weeks' exposure 3) . The formation of bladder calculus in association with development of the bladder tumors in rats was demonstrated by oral administration of melamine 4) and uracil 5) . But the relationship between bladder tumor induction and bladder calculi formation is not clear so far on long-term exposure to biphenyl, and further study is required, although the latter has been documented as mentioned above 3) . Biphenyl was not evaluated as an occupational carcinogen by the International Agency for Research on Cancer 6) , the American Conference of Governmental Industrial Hygienists 7) or Japan Society of Occupational Health 8) . In 2001, however, Germany classified biphenyl as a substance (3B) for which in vitro or animal studies have yielded evidence of carcinogenic effects that is not sufficient for classification of the substance in one of the other carcinogenic categories 9) . Therefore, the evaluation of carcinogenicity of biphenyl caused by long-term exposure in rodents would be urgently needed for risk assessment of workers' health, leading to establishment of regulatory control measures to prevent workers from exposure to biphenyl in the workplace.
The present study was intended to examine the carcinogenicity and chronic toxicity of biphenyl by means of its dietary administration to F344 rats of both sexes for two years. The causal relationship among the biphenyl-induced bladder tumors, bladder calculi and some related disorders was discussed with reference to the findings in the literature as well as the previous study of biphenyl metabolism reported by Ohnishi et al. 10, 11) . This study was carried out according to the OECD test guidelines for carcinogenicity studies TG453 12) and in compliance with the OECD GLP standard.
Subjects and Methods

Chemicals
Biphenyl (purity>98%) was obtained from Wako Pure Chemical Industries, Ltd. (Tokyo, Japan).
Animals
The animals were cared for in accordance with the Guide for the Care and Use of Laboratory Animals 13) , and this study was approved by the ethics committee of the Japan Bioassay Research Center. Male and female SPF F344/DuCrj rats were purchased from Charles River Japan Inc. (Kanagawa, Japan) at the age of 4 wk. The rats were quarantined for one week, and acclimated for another week before the start of the experiment. They were housed individually in stainless-steel wire-mesh hanging cages (170 mm (W) × 294 mm (D) × 176 mm (H)) under controlled environmental conditions (temperature of 24 ± 2°C and a relative humidity of 55 ± 10%, with 15-17 room air changes per hour) in the barrier system. The animals were allowed free access to water and the assigned diet. Fluorescent lighting was controlled automatically to provide a 12-hr light/dark cycle.
Diet preparation and feeding
The diet containing 500, 1,500 or 4,500 ppm (g/g) biphenyl was prepared by mixing the chemical with γ-irradiation sterilized CRF-1 powdered diet (Oriental Yeast Co. Chiba, Japan) in a spiral mixer for 20 min, and stored at 4°C until use. Biphenyl concentrations in the diet were confirmed by gas chromatography, and found within the range of 86.2-101% of the target concentrations. Groups of 50 male and 50 female rats were given the control diet or the biphenyl-containing diets throughout the 105-wk period, starting at the age of 6 wk.
Experimental design
All the rats were observed every day to assess their clinical signs, together with their behavioral changes and mortality. Body weight and food consumption were measured once a week for the first 14 wk of the 105-wk study period and every 4 wk thereafter. Urinary parameters of all surviving rats, including pH and occult blood, were examined with Urolabsix (Diagnostic Diutsior, Bayer, Elkhart, Germany) in the final week of the 105-wk study period. All organs were examined macroscopically, the organs weighed and the tissues for microscopic examination included the ones specified in the OECD test guidelines 12) , and were fixed in 10% neutral buffered formalin, embedded in paraffin, and 5 µm thick section of all tissues and tumor were made and stained with hematoxylin and eosin.
Statistical analysis
The incidence of non-neoplastic lesions and the urinary data were analyzed with the Chi-square test. The incidence of neoplastic lesions was statistically analyzed by Fisher's exact test.
Results
Clinical observations
Body weights of the 4,500 ppm rats of both sexes significantly decreased as compared to those of the corresponding controls ( Fig. 1 ), but there was no statistical difference in the body weight between 500 or 1,500 ppm rats of both sexes and the corresponding controls. The survival rates of all biphenyl-exposed groups except the 4,500 ppm males were not statistically different from those of corresponding controls. Nineteen 4,500 ppm males died during the 105-wk period. Fig. 2 shows the time-course change in the survival rate of the 4,500 ppm males, together with the occurrence of hematuria and formation of bladder calculi. Their deaths were attributed primarily to the bladder tumors and the hematuria. Three 4,500 ppm females died after 13 to 26 wk of biphenyl administration, resulting from marked mineralization of the kidneys and the heart, but the survival rate of the 4,500 ppm females did not decrease further thereafter.
Thirty-two males with clinical hematuria were observed, and out of the 32 males 14 had anemia-colored skin and/or eyes in the 4,500 ppm group. The hematuria first appeared around the 40th week of biphenyl exposure (Fig. 2) , and continued thereafter with intermittent recoveries. The biphenyl-exposed females had no clinical signs relating to biphenyl exposure.
Urinalysis
The urinary pH significantly increased in the 4,500 ppm males (Table 1 ). The incidence of positive occult blood significantly increased in the 4,500 ppm rats of both sexes, and this was consistent with the abovementioned incidence of hematuria in the 4,500 ppm males, but the number of females with positive occult blood was smaller than that of the males.
Organ weight
A statistically significant increase in relative kidney weight was evident in the 1,500 and 4,500 ppm rats of both sexes and absolute kidney weight significantly increased in the 4,500 ppm males (Data not shown).
Gross findings
The bladder calculus was formed predominantly in the male rats (Table 2) : Forty-three 4,500 ppm males had bladder calculi, whereas only eight 4,500 ppm females had the calculi. No bladder calculus was found in any of the rats of either sex exposed to 500 and 1,500 ppm biphenyl. Necropsy of dead and moribund animals revealed that the bladder calculi of the 4,500 ppm males first appeared around the 40th week of the exposure in together with the occurrence of hematuria (Fig. 2) . The male calculi were white, yellow, brown, gray and black in color, triangular, pyramidal, cubical and spheroidal in shape and 0.3-1.0 cm in size, whereas the female calculi were white and yellow in color, spheroidal in shape and of the same size. Four out of the 8 calculi-bearing females in the 4,500 ppm group had thickening of the bladder wall. Forty-one of the 4,500 ppm males had polyp-like or papillary nodules which protruded from the bladder wall into the lumen. All the 41 males except three were found to have bladder calculi (Fig. 3) .
Histologic findings
Histopathologically, neoplastic and non-neoplastic lesions were observed in the urinary tract (Tables 2 and   3 ), and no tumor or tumor-related lesions in any other organs were induced by biphenyl administration. The transitional cell carcinoma and transitional cell papilloma were observed only in the 4,500 ppm males. In twenty cases the transitional cell carcinoma projected into the lumen, and the tumor cells invaded the musclaris mucosa (Fig. 4) or the entire bladder wall. Both squamous cell papilloma and squamous cell carcinoma were observed only in one 4,500 ppm male. All the 24 males bearing The number is the sum of grades, slight, moderate, marked and severe. *: Significantly different from the control group by Chisquare test at P<0.05. **: Significantly different from the control group by Chi-square test at P<0.01. the transitional cell carcinoma and 8 out of the 10 males with transitional cell papilloma were found to have bladder calculi. Transitional cell hyperplasia, squamous cell hyperplasia, and squamous cell metaplasia were seen in the urinary bladder of the 4,500 ppm group. Those hyperplasias were not diffusely distributed over the entire area of the bladder epithelium but developed in the focal area. The transitional cell hyperplasia was further classified into simple, nodular and papillary hyperplasia according to the histologic proliferation patterns by IARC 14) and the Standardized System of Nomenclature and Diagnostics Criteria 15) . The incidences of simple, nodular and papillary hyperplasia were 24%, 80% and 34% in the 4,500 ppm males, and 2%, 10% and 8% in the 4,500 ppm females, respectively, indicating that the simple hyperplasia occurred less frequently than the nodular and papillary hyperplasias. And the simple hyperplasia was almost always accompanied by either nodular or papillary hyperplasia in the males. Ten 4,500 ppm males had polyps in the bladder epithelium. The polyps observed in the present study were composed of abundant spindle cells that were proliferated around the transitional epithelial cells accompanied by inflammatory infiltration of the submucosal bladder epithelium, and were classified as the inflammatory type according to the Pathology of the Fischer rat 16) . The polyps were accompanied by squamous metaplasia on their surface, and found at different loci from the bladder tumors. Statistically increased incidences of non-neoplastic lesions in the ureters and kidneys of the biphenyl-exposed rats are summarized in Table 3 . In the ureter, the incidences of simple transitional cell hyperplasia and dilatation lumen were greater in the 4,500 ppm males than in the corresponding females. In the renal pelvis, simple and nodular hyperplasia occurred frequently not only in the 4,500 ppm males but also in the females exposed to 1,500 and 4,500 ppm. In the kidneys, statistically increased incidences of mineralization of cortico-medullary junction in the 4,500 ppm males and mineralization of papilla in the 4,500 ppm males and females were noted, whereas papillary necrosis, infarct and hemosiderin deposition occurred predominantly in the females.
Discussion
To the best of our knowledge, this is the first report that oral administration of biphenyl in the diet for two years induces bladder tumors, as evidenced by the statistically significant increase in the incidence of transitional cell papilloma and carcinoma. Squamous cell carcinoma and papilloma, both of which occurred in one 4,500 ppm male, are considered to be positively related to the biphenyl exposure, because the statistically increased incidences of squamous cell metaplasia and squamous cell hyperplasia were observed in this group, and because neither squamous cell papilloma nor squamous cell carcinoma have been observed so far in either the Japan Bioassay Research Center's historical control data (none out of 1148 F344 male rats) and the NTP historical control data (none out of 1858 F344 male rats) 17) . It was suggested by the findings of Squire 18) and Pauli et al. 19) that simple hyperplasia of transitional epithelium reflects an initial morphological response to carcinogenic chemicals or mechanical damage caused by foreign solid bodies, and subsequently develops into nodular and papillary hyperplasias. There appear to be some differences in types and distribution of hyperplasia between genotoxic bladder carcinogens without the calculus formation and the mechanical damage caused by bladder calculi. Frith et al. 20) reported that 6 or 13-wk treatment of mice with 2-acetylaminofluorene (2-AAF) induces a high incidence (100%) of the diffuse, simple hyperplasia in comparison to a low incidence (ca.25%) of the focal-lesioned, nodular hyperplasia. On the other hand, it was found in the present study that the nodular and papillary hyperplasias occurred much more frequently in the 4,500 ppm males than did the simple hyperplasia, and also that those hyperplasias occurred focally but were not distributed over the entire area of the bladder epithelium. In this context, the transitional cell hyperplasia as well as the squamous cell hyperplasia observed only in the 4,500 ppm males can be considered to represent a regenerative, pre-neoplastic response to the epithelial damage caused by bladder calculi rather than to biphenyl and/or its metabolites. The biphenylinduced hyperplasia can be therefore categorized as a preneoplastic lesion with possible progression into bladder tumors. In addition, it is interesting to note that the polyps observed in the bladder of the 4,500 ppm males are classified as the inflammatory infiltration type. This type of polyps is considered to reflect proliferative, morphological response to sustained mechanical irritation of the bladder epithelium by the calculi.
Our present findings on bladder tumors seems to be in sharp contrast with those of Shiraiwa et al. 3) who reported that dietary administration of 5,000 ppm biphenyl to Wistar rats for 75 wk did not induce bladder tumors but bladder calculi accompanied by hematuria. The reason for difference between these results is not clear, and it is also plausible that the length of time in which the bladder epithelium would be damaged mechanically by the calculi as evidenced by prolonged hematuria might be longer in our study than in theirs, because the sustained mechanical damage caused by the bladder calculi plays an important role in tumorigenesis. Close association of bladder calculi with bladder tumors and hyperplasia in the 4,500 ppm males can be evidenced by the present results showing that all 31 bladder tumors except two transitional cell papillomas were found to bear calculi in the bladder, and all 45 hyperplasias except three cases were accompanied by bladder calculi. The male calculi were triangular, pyramidal and cubical in shape and 0.3-1.0 cm in size, in contrast to the uniform, spheroidal shape of female calculi of the same size. Therefore, the physical characteristics of the bladder calculi such as size and shape can be considered to affect the degree and/or frequency of pre-neoplastic and neoplastic lesions occurring in response to mechanical damage to the bladder epithelium caused by calculi.
The present finding that thirty (94%) out of the thirtytwo 4,500 ppm males with hematuria had calculi in the bladder or kidneys can be taken to indicate that there is a causal relationship between hematuria and the formation of bladder calculi ( Fig. 2 and Table 3 ). Therefore, it can be inferred that the hematuria in the 4,500 ppm males is brought about by sustained mechanical damage to the bladder epithelium caused by the calculi. The occurrence of the hematuria observed after the 40th week of the exposure of males to 4,500 ppm biphenyl may be causally related to the bladder calculus grown to a size large (>0.3 cm) enough to mechanically damage the bladder epithelium.
Experimental evidence of a mechanism underlying male predominance in calculus formation in the bladder of biphenyl-exposed rats was presented by Ohnishi et al. 10) . They demonstrated that the male bladder calculi were composed of potassium 4-hydroxy-biphenyl-osulfate (4-HBPOSK), whereas the female calculi were made of 4-hydroxy-biphenyl (4-HBP) and KHSO 4 to which 4-HBPOSK was further hydrolyzed only in female urine, and that a series of irreversible and stable metabolic pathways from biphenyl to 4-HBPOSK resulted in formation of calculus in the male rat, whereas calculus formation was prevented by reversible hydroxylation of 4-HBPOSK in female urine. The significantly increased urinary pH found in the 4,500 ppm males may also facilitate the formation of bladder calculus, because coadministration of biphenyl and KHCO 3 to male rats was reported to result in the formation of urine crystals of 4-HBPOSK through the increased urinary pH 11) . Therefore, the present results showing that calculus formation as well as tumor induction occurred predominantly in the urinary bladder of the 4,500 ppm males confirm the findings of Ohnishi et al. 10, 11) and extends it to the experimental evidence that a close association between the bladder calculi and tumor induction exists in biphenyl-induced tumorigenesis.
Several reports have been published on a causal relationship between chemically induced bladder tumorigenesis and calculus formation. Fukushima et al. 5) suggested that uracil induces bladder tumors through prolonged mechanical damage to bladder epithelium caused by large calculi. Melnick et al. 4) reported that oral administration of dietary 4,500 ppm melamine to male rats significantly increases transitional cell carcinoma of the urinary bladder in significant association with bladder calculi. The present results showing that biphenyl-induced bladder tumors occurred in close association with calculus formation and hematuria seems to be in favor of the mechanistic view that the formation of bladder calculi plays a critical role in bladder tumorigenesis 5) . In addition, a very steep dose-response curve, that is, a high incidences of bladder tumors (60%) and hyperplasia (90%) in the 4,500 ppm males, in sharp contrast with neither bladder tumors nor hyperplasia in the 1,500 and 500 ppm-exposed males, may also be taken to phenomenologically indicate the existence of an exposure threshold above which the calculi are formed in the bladder, inducing the bladder tumors through preneoplastic hyperplasia, but the mode of action by which biphenyl induces bladder tumors still remains unclarified. It is tempting to hypothesize that the calculus formation is responsible for the biphenyl-induced bladder tumors which would progress from the proliferative, regenerative response, as indicated by the pre-neoplastic, nodular and papillary hyperplasias, to the mechanically damaged bladder epithelium. Further mechanistic study will be needed to elucidate the working hypothesis of biphenylinduced bladder tumorigenesis with reference to calculus formation, because there are some differences and similarities in the genotoxicity of the administered chemical and its metabolites, the physical and chemical characteristics of bladder calculi and patterns of nonneoplastic and neoplastic lesions in the urinary tract among uracil, melamine and biphenyl.
In conclusion, bladder tumors were induced in high association with calculus formation and hematuria in the 4,500 ppm biphenyl-exposed male rats, together with preneoplastic, regenerative lesions in the urinary system. The sex-difference in the metabolic pathways of biphenyl plays an important role in the formation of bladder calculi and the development of bladder tumors.
